Selective permeation of sodium ions through voltage-dependent sodium channels is fundamental to the generation of action potentials in excitable cells such as neurons. These channels are large integral membrane proteins and are encoded by at least ten genes in mammals. The different sodium channels have remarkably similar functional properties, but small changes in sodiumchannel function are biologically relevant, as underscored by mutations that cause several human diseases of hyperexcitability. Voltage-gated sodium channels play an essential role in the initiation and propagation of action potentials in neurons and other electrically excitable cells such as myocytes and endocrine cells [1, 2] . When the cell membrane is depolarized by a few millivolts, sodium channels activate and inactivate within milliseconds. Influx of sodium ions through the integral membrane proteins comprising the channel depolarizes the membrane further and initiates the rising phase of the action potential. The voltage-gated sodium channel is a large, multimeric complex, composed of an ␣ subunit and one or more smaller ␤ subunits [3] . The ion-conducting aqueous pore is contained entirely within the ␣ subunit, and the essential elements of sodium-channel function -channel opening, ion selectivity and rapid inactivation -can be demonstrated when ␣ subunits are expressed alone in heterologous cells. Coexpression of the ␤ subunit is required for full reconstitution of the properties of native sodium channels, as these auxiliary subunits modify the kinetics and voltage-dependence of the gating (that is, opening and closing) of the channel. Although different sodium channels have broadly similar functional characteristics, small differences in properties do distinguish different isoforms and contribute to their specialized functional roles in mammalian physiology and pharmacology. Sodium channels that are not voltage-gated also exist in biology; the epithelial sodium channels (EnaC) of the EnaC/degenerin (DEG) gene family mediate sodium transport in epithelia and other cell types and are structurally unrelated to the voltage-gated sodium channels. We use the term 'sodium channel' here to mean 'voltage-gated sodium channel'.
Voltage-gated sodium channels play an essential role in the initiation and propagation of action potentials in neurons and other electrically excitable cells such as myocytes and endocrine cells [1, 2] . When the cell membrane is depolarized by a few millivolts, sodium channels activate and inactivate within milliseconds. Influx of sodium ions through the integral membrane proteins comprising the channel depolarizes the membrane further and initiates the rising phase of the action potential. The voltage-gated sodium channel is a large, multimeric complex, composed of an ␣ subunit and one or more smaller ␤ subunits [3] . The ion-conducting aqueous pore is contained entirely within the ␣ subunit, and the essential elements of sodium-channel function -channel opening, ion selectivity and rapid inactivation -can be demonstrated when ␣ subunits are expressed alone in heterologous cells. Coexpression of the ␤ subunit is required for full reconstitution of the properties of native sodium channels, as these auxiliary subunits modify the kinetics and voltage-dependence of the gating (that is, opening and closing) of the channel. Although different sodium channels have broadly similar functional characteristics, small differences in properties do distinguish different isoforms and contribute to their specialized functional roles in mammalian physiology and pharmacology. Sodium channels that are not voltage-gated also exist in biology; the epithelial sodium channels (EnaC) of the EnaC/degenerin (DEG) gene family mediate sodium transport in epithelia and other cell types and are structurally unrelated to the voltage-gated sodium channels. We use the term 'sodium channel' here to mean 'voltage-gated sodium channel'.
Sodium channel subunits and structure
Sodium-channel proteins in the mammalian brain are composed of a complex of a 260 kDa ␣ subunit in association with one or more auxiliary ␤ subunits (␤1, ␤2 and/or ␤3) of 33-36 kDa [3] (Figure 1 ). Nine ␣ subunits (Na v 1.1-Na v 1.9) have been functionally characterized, and a tenth related isoform (Na x ) may also function as a Na + channel. The primary sequence predicts that the sodium channel ␣ subunit folds into four domains (I-IV), which are similar to one another and contain six ␣-helical transmembrane segments (S1-S6). In each of the domains, the voltage sensor is located in the S4 segments, which contain positively charged amino-acid residues in every third position. A reentrant loop between helices S5 and S6 is embedded into the transmembrane region of the channel to form the narrow, ion-selective filter at the extracellular end of the pore. The wider intracellular end of the pore is formed by the four S6 segments. Small extracellular loops connect the transmembrane segments, with the largest ones connecting the S5 or S6 segments to the membrane re-entrant loop.
Larger intracellular loops link the four homologous domains. Large amino-terminal and carboxy-terminal tail domains also contribute to the internal face of the sodium channel. This view of sodium channel architecture has been largely confirmed by biochemical, electrophysiological, and structural experiments.
A complete three-dimensional structure of the sodium channel is not yet available; however, limited but interesting structural information on the sodium channel is beginning to emerge. The solution structure of the inactivation gate on the intracellular loop between domains III and IV (Figure 1 ) has been determined by nuclear magnetic resonance (NMR) [4] . This analysis predicts a rigid ␣-helical structure, preceded by two turns that position a key hydrophobic sequence motif (the IFM motif, Ile-Phe-Met) such that it can interact with and block the inner mouth of the pore (Figure 2) . The global fold of the sodium-channel pore region is predicted to be largely similar to that of potassium channels, whose structure has been solved by X-ray crystallography [5] . In this hypothetical structural view, the S5 and S6 helices of each sodium-channel domain are arrayed in four-fold symmetry around the aqueous ion-conduction pathway and the pore is lined mostly by S6 segments and the re-entrant loops that form the ion-selectivity filter. Direct structural determination at 19 Å resolution by cryo-electron microscopy and image reconstruction techniques [6] show sodium channels as having a bell-like shape (when viewed from the side), with a four-fold symmetry of transmembrane masses and large intracellular and extracellular masses through which several inlets and outlets allow aqueous access (Figure 1b) . Unexpectedly, this image of sodium channels predicts a central pore that does not directly connect the intracellular and extracellular spaces but instead splits into four branches. Blue circles in the intracellular loops of domains III and IV indicate the inactivation gate IFM motif and its receptor (h, inactivation gate); P, phosphorylation sites (in red circles, sites for protein kinase A; in red diamonds, sites for protein kinase C); ⌿, probable N-linked glycosylation site. The circles in the re-entrant loops in each domain represent the amino acids that form the ion selectivity filter (the outer rings have the sequence EEDD and inner rings DEKA). (b) The three-dimensional structure of the Na v channel ␣-subunit at 20 Å resolution, compiled from electron micrograph reconstructions. Adapted from [6] . (c) Schematic representation of NaChBac, the bacterial voltage-gated sodium channel. Side chains of the critical IFM motif residues (I1488, F1489 and M1490) are shown in yellow, and those of T1491, which is important for inactivation, and S1506, which is a protein-kinase-C-dependent phosphorylation site, are also indicated. Adapted from [4] . Moreover, it suggests that there are four peripherally located transmembrane pores of unknown function, possibly acting as gating pores for voltage-sensor movement.
Comparison of the primary structures of the auxiliary ␤ subunits with those of other proteins reveals a probable structural relationship to the family of proteins that contain immunoglobulin-like folds [7] . The extracellular domains of these type I single-membrane-spanning proteins are predicted to fold in a similar manner to the myelin protein P0, whose immunoglobin-like fold is known to be formed by a sandwich of two ␤ sheets held together by hydrophobic interactions [8] .
Evolutionary history and sodium channel genes
Sodium channels were the first members of the ion channel superfamily to be discovered; the superfamily also includes voltage-gated K + channels, voltage-gated Ca 2+ channels, Trp-related channels (a diverse family permeable to various cations) and cyclic-nucleotide-gated channels [2] . But in evolution, the sodium channel family is the most recent of the voltage-gated ion channels to have arisen, having evolved from similarly structured Ca 2+ channels that contain four homologous domains. Ca 2+ channels, in turn, probably arose by two rounds of gene duplication from the ancestors of K + and cyclic-nucleotide-gated channels, which form functional channels as tetramers of single-domain subunits.
The appearance of four-domain sodium channels coincided with evolution of metazoans that had specialized neurons [2, 9] . Although 'classical' four-domain sodium channels have not been identified from prokaryotes, a recent report has identified a bacterial sodium channel (Figure 1c ) in the salt-loving bacterium Bacillus halodurans [10] . This singledomain voltage-dependent sodium channel, which also has sequence and pharmacological characteristics resembling those of Ca 2+ channels, opens up the intriguing possibility that it is similar to the ancestral single-domain channel from which the Ca 2+ and Na + channels have arisen.
Voltage-dependent sodium channel genes have been identified in a variety of animals, including flies, leeches, squid and jellyfish, as well as mammalian and non-mammalian vertebrates [9, 11] . The biophysical properties, pharmacology, gene organization, and even intron splice sites of invertebrate sodium channels are largely similar to the mammalian sodium channels, adding further support to the idea that the primordial sodium channel was established before the evolutionary separation of the invertebrates from the vertebrates [12] .
Vertebrate ␣-subunit genes, especially those encoding the human and rodent sodium channels, are the best characterized to date. These sodium channels are greater than 50% identical in amino-acid sequence in the transmembrane and extracellular domains and are considered to be of one subfamily. According to the convention of the International Union of Pharmacologists, the nomenclature of sodium channels (for example, Na v 1.1) consists of the chemical symbol of the principal permeating ion (Na) and the principal physiological regulator (voltage, subscript) followed by a number indicating the gene subfamily and a decimal that separates the number assigned to specific channel isoforms [13] . At least 20 exons encode each of the nine sodium channel ␣-subunit proteins. In an evolutionary analysis, the genes fall into four groups, and members of each group map to the same chromosome segment (Figure 3 ). The four chromosome segments containing sodium channel ␣-subunit genes are paralogous, and each also contains a cluster of Hox genes, which encode transcription factors involved in the control of developmental patterning [12] . Genes encoding sodium channels Na v 1.1, Na v 1.2, Na v 1.3, and Na v 1.7 are located on chromosome 2 in both human and mouse, and these channels share similarities in sequence, biophysical characteristics, the ability to be blocked by nanomolar concentrations of the neurotoxin tetrodotoxin, and broad expression in neurons [13] . A second cluster of genes encoding the channels Na v 1.5, Na v 1.8, and Na v 1.9 is located on human chromosome 3p21-24 and to the orthologous region of chromosome 3 in mouse [13] . Although they are approximately 75% identical in amino-acid sequence to the group of channels on chromosome 2, these closely related sodium channels have amino-acid changes that confer varying degrees of tetrodotoxin resistance. In Na v 1.5, the principal cardiac isoform, a single amino-acid change from phenylalanine to cysteine in the pore region of domain I is responsible for 200-fold reduction in tetrodotoxin sensitivity [14] relative to the channels encoded on chromosome 2. At the corresponding position in channels Na v 1.8 and Na v 1.9 the 
Figure 3
A phylogenetic tree of voltage-gated sodium channel ␣-subunits. Rat sodium channel protein sequences were aligned using ClustalW and the tree was constructed using PAUP. The human chromosomes on which the human ortholog of each rat gene is found are shown on the right. Adapted from [13] . residue is serine, and this change results in even greater resistance to tetrodotoxin [15] . The latter two channels are preferentially expressed in peripheral sensory neurons [16, 17] . The other two isoforms, Na v 1.4 (which is expressed in skeletal muscle) and Na v 1.6 (which is highly abundant in the central nervous system), have greater than 85% sequence identity and similar functional properties to the chromosome-2-encoded channels, including tetrodotoxin sensitivity in the nanomolar concentration range. Despite these similarities, phylogenetic analysis by parsimony suggests a more distant evolutionary relationship from the chromosome-2-encoded channels (Figure 3 ), consistent with their distinct chromosomal localizations -Na v 1.4 on human chromosome 11 (mouse chromosome 17) and Na v 1.6 on human chromosome 15 (mouse 12) [11, 13] .
A tenth sodium channel, Na x , whose gene is located near the sodium channels of chromosome 2, is more divergent in sequence and has been suggested to be evolutionarily more distant [11] . Key differences in functionally important regions of the voltage sensor and the inactivation gate, and lack of detectable function upon expression in heterologous cells, suggest that Na x may not function as a voltage-dependent sodium channel. Indeed, Na x knockout mice have deficits in sensing of extracellular salt levels in the hypothalamus [18] , indicating that Na x may act as a salt sensor rather than as a voltage-activated channel.
The chromosomal locations of the ␤ subunits are known in humans -the ␤1 gene maps to 19q13, whereas ␤2 and ␤3 are located on 11q22-23. Although ␤3 appears to be more similar to ␤1 in sequence and in function, it appears to be closer phylogenetically to ␤2 [19] .
Molecular basis of function
Classical work by Hodgkin and Huxley [1] defined the three key features of sodium channels: voltage-dependent activation, rapid inactivation, and selective ion conductance. Building on this foundation, more recent structure-function studies using molecular, biochemical and electrophysiological techniques have provided us with a good understanding of the molecular basis of sodium-channel function. Critical to this were the neurotoxins tetrodotoxin and saxitoxin, whose pore-blocking properties were exploited to purify the sodium-channel proteins and to reveal the amino-acid residues involved in the outer pore and in the selectivity filter. The outer pore is formed by the re-entrant loops between transmembrane segments S5 and S6 of each domain. Two important amino acids in analogous positions in all four domains are thought to form the negatively charged outer and inner rings that serve as a receptor site for pore-blockers and the selectivity filter (Figure 1a) . Mutations of these residues have significant effects on binding of tetrodotoxin and saxitoxin [20] , and also have marked effects on the selectivity of permeation of organic and inorganic monovalent cations through the sodium channel [21, 22] . The most convincing evidence comes from a study by Heinemann et al. [23] , who produced a calcium-selective sodium channel by mutating the inner ring residues (DEKA in the single-letter amino-acid code) to their counterparts in calcium channels (EEEE).
As is the case for other voltage-gated ion channels, the voltage-dependence of activation of sodium channels derives from the outward movement of charged residues as a consequence of an altered electric field across the membrane [1] . The S4 segments of each homologous domain serve as the voltage sensors for activation. They are composed of repeated motifs of one positively charged residue followed by two hydrophobic residues, potentially creating a helical arrangement of positive charges through the membrane. Upon depolarization, the outward movement of the S4 helices and their concurrent rotation initiates a conformational change that opens the sodium-channel pore. This 'sliding helix' [24] or 'helical screw' [25] model is supported by strong evidence [3] . For example, neutralization of the key positively charged residues in S4 markedly reduces the voltage-dependence of gating [26] . The outward gating movement of the S4 segments has also been detected directly by the fact that, when some residues in these helices are substituted with cysteines, extracellular sulfhydryl reagents react with them only after channel activation [27] [28] [29] .
Inactivation of the sodium channel is a critical process that occurs within milliseconds of channel opening. In the generally accepted model of this process, the highly conserved intracellular loop that connects domains III and IV serves as an inactivation gate, much like a hinged lid, that binds to the intracellular pore of the channel to inactivate it (Figure 2a) . Intracellular perfusion of proteases [30] or intracellular application of antibodies that recognize this loop, but not antibodies to other intracellular structures [31] , prevents fast inactivation. The 'latch' of the inactivation gate is formed by three key hydrophobic residues (IFM; Figure 2 ), and peptides containing this motif can restore inactivation to sodium channels that have a mutated inactivation gate [32] . Mutations of the key phenylalanine residue (Phe1489) to various hydrophilic residues impair inactivation to varying degrees. Furthermore, if it is replaced with a cysteine residue, covalent modification of the cysteine is prevented when the inactivation gate is closed [33] . Structural determination and NMR analysis of the core portion of the inactivation gate reveal a rigid ␣-helical structure flanked by the IFM motif [4] (Figure 2b ). In this structure, the side-chain of Phe1489 points away from the core of the peptide on the same face as a nearby threonine (Thr1491), another critical residue for inactivation [33] . In contrast to the short IFM motif that forms the inactivation gate, the receptor for the inactivation gate on the body of the channel may be composed of multiple hydrophobic residues near the intracellular mouth of the pore. Scanning mutagenesis experiments implicate hydrophobic residues in intracellular loops S4-S5 of domains III and IV, as well as the intracellular end of the S6 transmembrane segments of these domains, as components of the inactivation gate receptor [3] .
The exciting discovery of a bacterial sodium channel (NaChBac; Figure 1c ), consisting of a single domain of six transmembrane ␣-helical segments [10] , potentially provides new tools for the study of the sodium channel structure-function relationships. The NaChBac channel apparently forms a homotetramer that is a functional voltage-gated sodium channel. It has a 100-fold slower rate of inactivation than the Na v channels (because it has no equivalent of the inactivation gate). Furthermore, its sodium selectivity filter appears to be symmetric, formed by four glutamate residues in key positions in all four pore loops, resembling that of the Ca 2+ channel. This bacterial sodium channel will provide a simpler framework than the mammalian channels for mutagenesis experiments to test hypotheses regarding the structure and function of voltagegated sodium channels. In addition, the small size of the channel may make it easier to obtain crystal-structure information, as has been the case for the pore region of the bacterial potassium channel (KcsA) [5] .
Localization, modulation, and channelopathies
In addition to the differences in cellular and tissue expression, mammalian sodium channels also have differential expression profiles during development and different subcellular localizations, consistent with a distinct role for each channel in mammalian physiology. In rodents, Na v 1.3 is highly expressed in fetal nervous tissues, whereas Na v 1.1, Na v 1.2, and Na v 1.6 are abundant in the adult central nervous system. Generally, Na v 1.1 and Na v 1.3 are localized to the soma of the neuron, where they may control neuronal excitability through integration of synaptic impulses to set the threshold for action potential initiation and propagation to the dendritic and axonal compartments. Evidence from immunocytochemical experiments indicates that Na v 1.2 is expressed in unmyelinated axons, where it conducts the action potential [34] . During development, Na v 1.6 has been shown to replace Na v 1.2 in maturing nodes of Ranvier, the gaps in the myelin sheaths of myelinated axons where action potential conduction takes place [35, 36] . Na v 1.1 and Na v 1.6 are also significantly expressed in the peripheral nervous system (PNS), but the sodium channels that are the most abundantly expressed in the PNS are the three isoforms that have been cloned from sympathetic and dorsal root ganglion neurons, namely Na v 1.7, Na v 1.8 and Na v 1.9. Of these, Na v 1.7 is broadly expressed in the PNS and appears to be localized to axons, where it may function in initiating and conducting the action potential [37] . More restricted expression patterns are observed for Na v 1.8 and Na v 1.9; these channels are differentially expressed in small sensory neurons of the dorsal root and trigeminal ganglia, where they have a key role in the perception of pain [16, 38] . Finally, Na v 1.4 and Na v 1.5 are muscle sodium channels that control the excitability of the skeletal and cardiac myocytes, respectively. Na v 1.5 is transiently expressed in developing skeletal muscle but is replaced by Na v 1.4 in the adult [19] .
Sodium-channel function is known to be regulated in neurons in response to physiological signals (reviewed in [39] ). The neurotransmitter dopamine has been shown to modify the firing properties and the input-output properties of medium spiny neurons of the ventral and dorsal striatum, acting through D1-like dopamine receptors and activation of the cAMP pathway to reduce sodium currents and the generation of action potentials. Biochemical studies have shown that purified sodium channels are phosphorylated by the cAMP-dependent protein kinase A at multiple sites in the intracellular loop between domains I and II [39] . In another example of modulation of sodium channels by neural signals, activation of muscarinic acetylcholine receptors by the neurotransmitter acetylcholine inhibits the intrinsic bursts of firing activity of hippocampal CA1 neurons. This effect is mediated in part by protein-kinase-C-dependent phosphorylation of a highly conserved residue (Ser1506 of Na v 1.2) in the inactivation gate, which slows sodium-channel inactivation and reduces the peak sodium currents in the neurons. Additional phosphorylation of sites in intracellular loop I-II also influences regulation of sodium channels by protein kinase C [39] . Moreover, activation of tyrosine kinase pathways has also been implicated in sodium-channel modulation [40] , as has converse regulation by a receptor tyrosine phosphatase, RPTP␤ [41] . Additional modulation of sodium channels by other second messenger systems, including the G-protein subunits G ␤␥ [42] and calcium/calmodulin [43] , is also observed in transfected mammalian cells.
Modulation of sodium currents is undoubtedly important in vivo, although specific deficits that directly affect sodium channel regulation are not yet known. Mutations that subtly alter sodium channel function can lead to human diseases of hyperexcitability. Remarkably, some of these cause changes of only a few percent of the persistent sodium current that results from incomplete inactivation of the mutant sodium channels [44] . Multiple mutations of Na v 1.4 that yield hyperactive skeletal sodium channels have been shown to cause hyperkalemic periodic paralysis, a disorder of muscle weakness aggravated by high serum levels of potassium, and paramyotonia congenital, a syndrome of cold-and exerciseinduced muscle stiffness [44] . Mutations of Na v 1.5 that impair inactivation cause inherited long QT syndrome type 3 and Brugada syndrome [45] , both of which lead to an increased risk of ventricular arrhythmias. Recently, a type of epilepsy called generalized epilepsy with febrile seizure plus (GEFS + ) type II has been shown to result from gain-of-function mutations of Na v 1.1 that enhance the persistent inward sodium current in brain neurons [46, 47] . Mutations of the human sodium channel ␤1 subunit that modify its gating also cause epilepsy, in this case GEFS + type I [48] . The absolute necessity for intact sodium-channel function in normal physiology is underscored by the finding that knockout mice with specific ablations of Na v 1.2, Na v 1.5 or Na v 1.6 die prematurely [49] [50] [51] . In contrast, mutant mice lacking Na v 1.8 are viable but have defects in the response to pain [16] . The use of these and other mouse models in which specific sodium channel genes have been targeted should help to delineate the significance of sodium-channel function and its regulation in physiological contexts. The recent resurgence of sodium-channel research, in addition to the large arsenal of information from previous studies, should provide us with a better understanding of the fundamental role of sodium-channel function and dysfunction in excitable cells and may guide us to effective therapies.
